The bulk of bacterial protein secretion occurs through the conserved SecY translocation 14 channel that is powered by SecA-dependent ATP-hydrolysis. Many Gram-positive 15 bacteria including the human pathogen Listeria monocytogenes, possess an additional 16 non-essential specialized ATPase, SecA2. SecA2-dependent secretion is required for 17 normal cell morphology and virulence in L. monocytogenes, however the mechanism of 18 export via this pathway is poorly understood. L. monocytogenes secA2 mutants form 19 rough colonies, have septation defects, are impaired for swarming motility, and form 20 small plaques in tissue culture cells. In this study, 70 spontaneous mutants were isolated 21 that restored swarming motility to L. monocytogenes secA2 mutants. Most of the mutants 22 had smooth colony morphology and septated normally, but all were lysozyme-sensitive. 23
2 mutants, restored wild-type plaque formation, and increased virulence in mice. This secY 28 mutation resembled a prl suppressor known to expand the repertoire of proteins secreted 29 through the SecY translocation complex. Accordingly, the ΔsecA2prlA1 mutant showed 30 wild-type secretion levels of P60, an established SecA2-dependent secreted autolysin. 31
Although the prl mutation largely suppressed almost all of the measurable SecA2-32 dependent traits, the ΔsecA2prlA1 mutant was still less virulent in vivo than wild-type 33 suggesting that SecA2 function was still required for pathogenesis. 34
35

Introduction: 36
The essential general secretory (Sec) pathway is responsible for exporting the majority of 37 secreted proteins across the bacterial cell membrane (1-3). Much of what we know about 38 this pathway was discovered in Escherichia coli using genetic screens to identify loss of 39 function mutations in components of the Sec system. This led to the identification of 40 components of the SecYEG complex that forms the translocation channel and the SecA 41
ATPase that binds to signal sequences to drive the export of precursor proteins across the 42 channel (3-9). In contrast to loss-of-function sec mutations, prl alleles are gain-of-43 function mutations, which expand the repertoire of substrates being exported across the 44 SecYEG channel (6-8, 10, 11). The most dominant prl variants are in secY, known as 45 prlA mutations that allow for the secretion of proteins with altered signal sequence (7, 9, 46 11) without significantly altering the secretion of other proteins (6, 12) . Phase contrast microscopy was performed using stationary BHI culture at 37°C. 144
Fluorescence microscopy was conducted using Olympus IX81 TIRF microscope on mid-145 log cells stained with SYTO9 green fluorescent stain (Invitrogen) . 146
147
Western blotting 148
Secreted proteins from mid-log (5h) or for the time-course experiment from 1h, 2h and 149 3h LB culture supernatants were precipitated with 10% trichloro-acetic acid (TCA), as 150 previously described (40) and solubilized in NuPAGE LDS buffer (Invitrogen) 151 containing 5% β -mercaptoethanol at a volume adjusted to OD 600 for each strain. Samples were fractionated by SDS-PAGE, transferred to a PVDF membrane for 153 immunoblotting with polyclonal anti-P60 and anti-LLO antibodies and quantified using 154 the Odyssey infrared imaging system (LI-COR Biosciences). 155
156
Results: 157
Isolation and initial characterization of ΔsecA2 suppressor mutants 158
The inability of bacteria to properly septate during cell division can negatively influence 159 swarming efficiency in semisolid media (41-43). Indeed, the filamentous nature of the L. 160 monocytogenes secA2 mutant led to a 92% reduction in swarming motility compared to 161 the wild type (WT) 10403S strain ( Figure 1 ). Seventy spontaneous, independent ΔsecA2 162 suppressor mutants were generated by identifying swarming bacteria that appeared after 163 five days incubation at 30°C in semisolid LB agar. Prolonged incubation for isolation of 164 motility revertants was used based on the original isolation of spontaneous rough 165 on July 13, 2017 by guest http://jb.asm.org/ Downloaded from 8 colonies, which facilitated the identification of secA2 in Listeria (25). These suppressor 166 mutants displayed a wide range of swarming phenotypes (11 to 112%) when compared to 167 the WT strain (Figure 1 ). Motility revertants were further characterized based on their 168 colony and microscopic appearance (Supplementary Table S3 (Figure 2 and (14) ). The ΔsecA2 swarming suppressor mutants varied greatly in their 179 ability to form plaques, ranging from 0% to 87% of WT (Figure 2 ). There was no 180 significant correlation between chaining phenotype and plaque size, suggesting that 181 chaining alone does not directly influence cell-to-cell spread as measured by the plaque 182
assay. 183 184
Whole-genome sequencing of five ΔsecA2 suppressor mutants 185
To identify mutations responsible for the observed phenotypes, five strains R9, R23, R35, 186 R57 and R60.1 were selected for further analysis (Table 1) ΔsecA2Δlmo2769 double mutant increased 10% from that of ΔsecA2, however 252 complementation of R57 with the lmo2769-lmo2767 operon had no effect on plaque 253 formation of the revertant ( Figure 4C ). We concluded that disruption of lmo2769 led to a 254 cell wall defect that increased swarming motility of the mutant, but was not responsible 255 for the increased plaque size in the originally isolated R57 suppressor strain. Figure S3A) and had no effect on lysozyme susceptibility 260 (Supplementary Figure S1F) . This gene encodes the transcriptional regulator LacR, 261 which has been suggested to suppress virulence in L. monocytogenes in response to 262 cellobiose (53, 54) in addition to regulating the phosphotransferase system (55). Plaque 263 formation was unaffected by in-frame deletion of Δlmo1721 alone or in combination with 264 a secA2 deletion ( Figure 4D ), but had a suppressive effect on the Δlmo1721Δlmo2769 265 double mutant, suggesting that the combination of the two mutations negatively influence 266 virulence when SecA2 is undisturbed. Collectively these observations suggest that the 267 SNP in lmo1721 did not contribute to the revertant phenotype. 268
269
The secY mutation significantly improved virulence and swarming motility of 270
ΔsecA2. 271
The third SNP identified in the R57 revertant was in lmo2612, encoding SecY, which 272 resulted in amino-acid substitution G408R. The G408 residue corresponded to V411 273 when aligned to the E. coli SecY and mapped to the last transmembrane segment of the 274 which was coupled with a change in colony morphology from smooth to rough. This 293 suggested that the prlA1 mutation significantly contributed to the R57 motility and cell 294 morphology phenotypes. 295 296 Surprisingly the prlA1 mutation alone was sufficient to completely restore cell-to-cell 297 spread of the ΔsecA2 and the Δlmo2769ΔsecA2 double mutants ( Figure 5B ), while no 298 change was observed for prlA1 alone in a WT background (Supplementary Figure S3C) . 299
Exchanging the prlA1 mutation for the WT allele in R57 (strain R57:lmo2637::Tn) 300 on July 13, 2017 by guest http://jb.asm.org/ Downloaded from decreased plaque formation from 87% to 39%, the level observed for the 301 Figure S3C) . 302
Δlmo2769ΔsecA2 double mutant (Supplementary
303
To investigate whether destabilization of the SecY channel in response to the prlA1 304 mutation was sufficient to restore protein secretion in ΔsecA2 mutants, the abundance of 305 P60 in the supernatants of mutant cultures was evaluated as a proxy for other SecA2-306 dependent proteins. Notably, P60 levels were completely restored to WT levels in the 307 secA2 constructs expressing the prlA1 mutation, while the prlA1 stain maintained normal 308 levels of the secreted protein ( Figure 5C ). Additionally, the intracellular accumulation of 309
P60 observed in ΔsecA2 (14) was diminished in the ΔsecA2prlA1 strain (data not shown). 310
Restoration of P60 was entirely PrlA1-dependent as exchanging the prlA1 for the WT 311 allele in R57 background (strain R57:lmo2637::Tn) diminished the secreted P60 levels to 312 those observed for the ΔsecA2 parent strain (Supplementary Figure S3D) . Further, to 313 address the possibility of differing secretion levels between WT and the ΔsecA2prlA1 314 strain we undertook a timed experiment in which secretion levels of P60 were assessed. 315
Introduction of prlA1 mutation restored the levels of P60 secretion in the ΔsecA2 strain, 316
while not affecting the secretion of SecA-dependent listeriolysin O (LLO) ( Figure 5D ). 317
Interestingly, P60 levels of R57 mutant were only 80% of the WT strain ( Figure 5C In the absence of a functional SecA2, SecA may drive SecA2-dependent secretion, 398 although at a much slower rate potentially due to a lower affinity of SecA alone for the 399 specific substrates. This view is supported by the observation that the export of P60 and 400 other SecA2-dependent proteins is not completely abolished in the secA2 mutant (14, 25). 401
402
Although not yet characterized, we also identified a suppressor mutation in secA, 
